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Abstract Polysaccharide degradation by hydrolytic
enzymes glycoside hydrolases (GHs) is well known. More
recently, polysaccharide monooxygenases (PMOs, also
known as lytic PMOs or LPMOs) were found to oxida-
tively degrade various polysaccharides via a copper-
dependent hydroxylation. PMOs were previously thought
to be either GHs or carbohydrate binding modules
(CBMs), and have been re-classified in carbohydrate
active enzymes (CAZY) database as auxiliary activity
(AA) families. These enzymes include cellulose-active
fungal PMOs (AA9, formerly GH61), chitin- and cellu-
lose-active bacterial PMOs (AA10, formerly CBM33),
and chitin-active fungal PMOs (AAl1l). These PMOs
significantly boost the activity of GHs under industrially
relevant conditions, and thus have great potential in the
biomass-based biofuel industry. PMOs that act on starch
are the latest PMOs discovered (AA13), which has
expanded our perspectives in PMOs studies and starch
degradation. Starch-active PMOs have many common
structural features and biochemical properties of the PMO
superfamily, yet differ from other PMO families in sev-
eral important aspects. These differences likely correlate,
at least in part, to the differences in primary and higher
order structures of starch and cellulose, and chitin. In this
review we will discuss the discovery, structural features,
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biochemical and biophysical properties, and possible
biological functions of starch-active PMOs, as well as
their potential application in the biofuel, food, and other
starch-based industries. Important questions regarding
various aspects of starch-active PMOs and possible eco-
nomical driving force for their future studies will also be
highlighted.
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Abbreviations

AA Auxiliary activity

CDH Cellobiose dehydrogenase

GH Glycoside hydrolase

CBM Carbohydrate binding modules

LPMOs Lytic polysaccharide monooxygenases
PMOs Polysaccharide monooxygenases

XAS X-ray absorption spectroscopy

XRD X-ray diffraction

Overview of polysaccharide monooxygenases

Polysaccharide monooxygenases (PMOs) are extracellular
fungal and bacterial enzymes that have significant potential
for application in the production of biofuels (Table 1) [1-
14]. These enzymes are capable of oxidizing recalcitrant
substrates such as cellulose, chitin and starch, and have
been shown to act synergistically with glycoside hydrolases
[2]. Several excellent reviews on chitin- and cellulose-ac-
tive PMOs have been published over the last few years [6—
8, 12-14]. To date, there are only two published peer-
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Table 1 PMO families

AA nomenclature  Former annotation Primary substrate ~ Source PMO nomenclature

AA9 Glycoside hydrolase family 61 (GH61) Cellulose Fungi Cellulose-active fungal PMOs

AA10* Carbohydrate binding module family 33 (CBM33)  Cellulose Bacteria  Cellulose-active bacterial PMOs
Chitin Chitin-active bacterial PMOs

AALll Chitin Fungi Chitin-active fungal PMOs

AA13 X143 or chitin binding 3 Starch Fungi Starch-active fungal PMOs

? Key residues and motifs in cellulose-active bacterial PMOs differ from those in chitin-active bacterial PMOs

reviewed research articles on starch-active PMOs [10, 11].
To better understand these starch-active PMOs, they will
be discussed in the context of the well-studied chitin- and
cellulose-active PMOs. Thus, we will briefly highlight
selected aspects of these PMOs where relevant to the dis-
cussion of starch-active PMOs.

PMO families

There are four PMO families and several names have
emerged for them with some resulting confusion, therefore,
some clarification is necessary. Table 1 lists the currently
described PMO families. The terms PMO and lytic PMO
(LPMO) correctly express the monooxygenase activity of
these enzymes, but they do not specify the source and
primary substrate. “Lytic” could lead to the misunder-
standing that the elimination step (Fig. 1b) is enzyme-
dependent, which is not supported by current evidence.
“Auxiliary activity” (AA) is the latest, most systematic,
and concise nomenclature [15], but it does not reflect the
particular enzyme specificity. In addition, several critical
residues around the active site of cellulose-active AA10 are
different from those in AA10 PMOs that are only active on
chitin [12, 16]. We used a Hidden Markov Model-based
search result using hmmer tools (http://hmmer.org/) and
cellulose-active AA10 PMO sequences did not contain
chitin-active AA10 PMOs, and vice versa. Thus, the AA10
could possibly be split into two subfamilies. The AA and
PMO nomenclature will be used interchangeably in this
review where it is appropriate (Table 1).

PMO: structure, reaction, and synergy
with hydrolytic enzymes

Chitin- and cellulose-active PMOs contain a type 2
mononuclear copper center on a flat, solvent exposed
protein surface (Fig. 2a), which allows for the oxidation of
glycosidic bonds on crystalline surface of the substrate
(Fig. 1a). Thus, PMOs bypass the energy-intensive step of
separating the polysaccharide polymer chains from the
crystalline matrix, which is required for the glycoside
hydrolases. PMOs utilize O, to hydroxylate either C-H
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bond of the glycosidic linkage, forming unstable interme-
diates that spontaneously undergo elimination to cleave the
linkage (Fig. 1b) [5, 16]. In vitro, the two electrons
required for the reactions of PMOs can be provided by
chemical reductants, such as ascorbate, pyrogallol, and
cysteine. Lignin, which is abundant in plant cell-wall, was
shown to supply electrons for PMO reaction, and could be
one of the biologically relevant electron donors [17].
Extracellular enzymes can also serve as a redox partner for
PMOs. Cellobiose dehydrogenase (CDH), which carries
out the two-electron oxidation of cellobiose, is found in
almost all filamentous fungi that have AA9 enzymes [18].
Transcriptomic studies of several filamentous fungi reveal
that CDH and AA9 enzymes are both up-regulated when
these fungi were grown on cellulosic substrates. CDH is
considered to be the biological redox partner of AA9
enzymes as it has been shown to donate electrons to AA9
PMOs in cellulose degradation assays [4, 12].

There are three types of cellulose-active PMOs: types 1
and 2 hydroxylate the C1 and C4 position of the glycosidic
bond, respectively, while type 3 can hydroxylate both the
C1 and C4 positions (Fig. 1b) [5, 16, 19]. This chemistry
leads to a new synergistic working model for the
biodegradation of cellulose as shown in Fig. 1c, which is
also relevant to chitin and other recalcitrant polysaccha-
rides, such as starch. New chain ends are created on the
surface of the substrates after the PMO reaction, thereby
expanding the sites of action of exo-glucanases such as
cellobiohydrolases (CBH1 and CBH2). Several PMOs have
been shown to significantly boost the activity of hydrolytic
cellulases under industrially relevant conditions [2], and
some have been included in commercial cellulase mixtures,
such as Ctec2 and Ctec3 of Novozymes Inc.

Structure

The only X-ray diffraction (XRD) crystal structure of an
AA13 family PMO is of Aspergillus oryzae AAI13
(Ao(AA13)) (PDB ID 40PB), solved to 1.5 A [11].
Although Ao(AA13) did not exhibit detectable activity
under the assay conditions, the high sequence identity
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Fig. 1 a Model of a cellulose crystal and the basic structure of
cellulose and chitin. b Hydroxylation-mediated cleavage of the
glycosidic bond by three types of cellulose-active PMOs. PMOs
hydroxylate either C1 or C4 position of the glycosidic linkage,
forming unstable intermediates that subsequently undergo

throughout the AA13 family (see “Bioinformatic analysis
of starch-active PMOs”) suggests this structure is an ade-
quate representation of this family. The overall structure of
Ao(AA13) is similar to the other PMO families (Fig. 2)
with a f-sandwich core consisting of several -strands and
an exposed mononuclear copper active site on a putative
substrate binding surface. As found in many members of
other PMO families [12], a putative electron transfer
pathway consisting of a series of aromatic and cysteine
residues is also found in starch-active PMO [11]
(Fig. 2a, b).

Notably, unlike the AA9, AA10, and AA11 families that
contain flat active site surface, Ao(AA13) displays an
uneven surface with a shallow groove spanning across this
surface (Fig. 2b, c¢). The copper active site resides in the
middle of this groove. It is generally accepted that the flat
surface of AA9, AA10, and AA11 PMOs is ideal for
interaction with the flat surface of cellulose and chitin
(Fig. 1a), which is supported by computational studies [20,
21]. The interactions between the surface of AA9, AA10,
and AAll PMOs with the substrate surface must be
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elimination. Blue filled circles represent oxygen derived from O,.
¢ Synergistic working model of PMOs with cellobiose dehydrogenase
(CDH) and cellobiohydrolases (CBH1 and CBH2) in degrading
cellulose (reproduced from Ref. [12] with permission)

important in the observed regioselectivity (Fig. 1b) [16, 20,
21]. Amylose and amylopectin, the main components of
starch, tend to form helices and highly complex higher
order structures (see “Specificity for primary and higher
order structures of the substrate”). The groove of AA13
would better accommodate starch molecule chains. Manual
docking of amylose double helices to this grooved surface
showed that an amylose double helix consisting of six
glucosyl units on each chain per turn could fit into this
groove (Fig. 2d). The C1 and C4 positions of the
a(l — 4)-glycosidic linkage can be oriented close to the
copper center. More rigorous docking techniques or
molecular dynamic calculations would provide a more
precise insight into this probable interaction between
amylose and the AA13 surface groove.

The XRD crystal structure of the type 2 mononuclear
copper active site of Ao(AA13) is consistent with a reduced
copper(I) center, likely resulting from photoreduction
during data collection [11]. This active site superimposes
well with that of structures of AA9, AA10, and AA1l
PMOs (Fig. 2e), with the copper center ligated by two

@ Springer
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Fig. 2 Structure of starch
active PMO in comparison with
other PMO family and possible
interaction with amylose
substrate. a Structure of a
cellulose-active PMO (4EIS)
showing a flat active site
surface. b Structure of starch-
active PMO from A. oryzae,
Ao(AA13), (40PB) with similar
B-sandwich core as found in
other PMOs. Putative electron
transfer pathways residues are
displayed in magenta color in
a and b. ¢ Active site surface of
Ao(AA13) exhibits a shallow
groove. d Possible interaction of
an amylose double helix with
the active site groove of starch-
active PMOs (manually
docked). e XRD structure of
Ao(AA13) (20BP) active site
(green) in comparison to that in
an AA9 member (3ZUD,
magenta, rmsd for protein atoms
shown of 0.73 A), AA10
member (2YOY, orange, rmsd
of 0.53 A) and AA11 member
(4MAL, purple, rmsd of 0.60 A)
(reproduced from Ref. [11] with
permission). f Solution structure
deduced from XAS and UV/Vis
spectroscopic analysis, where L
can be aqueous or other
coordinating agents in the
solution

histidine residues in a motif termed the histidine brace. The
N-terminal His residue coordinates in a bidentate mode
through the imidazole Ng (or N,) atom and the amino
terminus N atom. This residue is methylated at N, (or N,)
position, as found in fungal PMOs expressed in filamentous
fungal hosts [11, 12] (labeled as Me-His 1). The second
histidine ligand, His 91, binds through the N, (or N,) atom.
The tyrosine residue moves closer to the copper center in
this structure of Ao(AA13) than in other PMO structures.
At the Cu-Oqy, distance of 2.5 10\, as observed in the

@ Springer

Ao(AA13) structure, a weak bonding interaction can form
between the copper center and Ory,.. The EPR data of
Cu(Il)-Ao(AA13) and Cu(ll)-An(AA13) both exhibit
resolved super-hyperfine coupling to nitrogen ligands,
which is significantly different from that observed other
PMOs. Lo Leggio et al. reasonably speculate that such
difference may reflect the enhanced copper—nitrogen
covalency or a structurally well-order active site in AA13
[11]. The partial bonding of the axial tyrosine ligand, could
play a role by either (1) increasing the overall electron
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density at the copper (II) center, that is linked to higher
copper-nitrogen covalency or (2) contributing to the
rigidity of the active site.

X-ray absorption spectroscopy (XAS) was used to
deduce the active-site solution structure of NCU(08746, a
starch-active PMO from Neurospora crassa (Fig. 2f) [10].
Photoreduction in XAS data collection for oxidized
NCUO08746 was minimal because the X-ray source used in
XAS is significantly less intense compared to that used in
XRD; and data were collected on multiple different sample
spots, with one spectrum per spot. X-ray absorption near
edge spectroscopy (XANES) is sensitive to the oxidation
state, electronic properties, and coordination geometry of
the absorbing center. The featureless edge of the XANES
spectrum of oxidized NCU08746 is typical of 6-coordinate
copper (II) species. Extended X-ray absorption fine struc-
ture (EXAFS) analysis of Cu(II)-NCUO08746 resulted in six
copper-first sphere ligand single scattering paths, corre-
sponding to four Cu—O/N bonds at 1.97 A, and two longer
Cu-O/N bonds at 2.22 and 2.42 A. The four 1.97 A Cu-0/
N bonds likely form the equatorial plane and the longer
bonds occupy the axial positions of the copper center.
Multiple scattering EXAFS analysis revealed that the
copper center was ligated by either two or three histidine
ligands; the Ao(AA13) crystal structure subsequently
showed the copper center coordinated by two histidines,
clarifying the ambiguity in this data.

The first sphere structure of Cu(II)-NCUO08746 is con-
sistent with an axially elongated octahedral copper (II)
structure (Fig. 2f). In this structure, the N atoms of the
histidine brace and a solvent-based ligand form the equa-
torial plane, while a tyrosine residue likely coordinates in
the axial position. This tyrosine residue could be part of the
putative electron transfer pathway, as found for other
fungal PMOs [11, 12]. An axial tyrosine residue coordi-
nating to the mononuclear copper center is also found in
galactose oxidase [22]. This tyrosine residue is proposed to
mediate proton transfer during galactose oxidase reaction.
The active site tyrosine residue in starch-active PMO
possibly plays one or more of the following roles: (1)
mediating proton and/or electron transfer during PMO
reaction; (2) fine-tuning redox properties of the copper
center; and (3) stabilizing high-valent copper—oxygen
species as proposed earlier for the PMO mechanism [12].

Specificity for primary and higher order structures
of the substrate

AA9, AA10, and AA1l families degrade the structurally
related cellulose and chitin substrates (Fig. 1a). Cellulose
and chitin contain linear chains of B(1 — 4) linked glucose
and N-acetylglucosamine, respectively, both of which can

form microcrystalline structures. In plant cell-walls,
hemicellulose chains wrap around cellulose microfibrils
forming rigid structures. The primary and higher order
structures of xylan and other hemicelluloses, as well as the
ratio of cellulose:hemicellulose vary depending on the
plant source. Most cellulolytic filamentous fungi have a
dozen or more AA9 coding genes that are tightly regulated
by the growth conditions. These genes are expressed in
different combinations and levels depending on the type of
cellulosic substrates on which the fungus is grown [23, 24].
Thus, each PMO likely has a different preference for the
chemical and physical properties of the accepted substrates,
which was shown in a recent study for the fungus Po-
dospora anserina [25].

The first PMOs characterized acted strictly on an insol-
uble polysaccharide surface (Fig. 1), until an AA9 PMO in
N. crassa was found to be active on soluble cellodextrins as
short as a tetramer [26]. This PMO was also found to cleave
various hemicelluloses containing B(1 — 4) linkages of
glucose and/or substituted glucose units [27]. The structure
of this PMO exhibits an extended and highly polar active
site surface compared to previously characterized PMOs,
which is suitable for binding various carbohydrate substrates
[28]. Subsequently, an AA9 PMO in Myceliophthora ther-
mophila was found to cleave both the B(1 — 4)-glycosidic
linkage in cellulose and the B(1 — 4)-xylosidic linkage in
xylan in the presence of cellulose [29]. Although PMOs
have been shown to oxidize various polysaccharide sub-
strates, the B(1 — 4) linkage appears to be essential for all
the substrates of AA9, AA10, and AA11 PMOs.

Starch differs from cellulose and chitin in both the pri-
mary and the higher order structure levels. The two main
components of starch are amylose and amylopectin, which
both contain linear chains of a(1 — 4)-glycosidic linkages.
Amylopectin, the predominant component, also contains
a(l — 6)-glycosidic linkages that create branches along
the molecule (Fig. 3). Amylose and the amylose portion of
amylopectin can form single or double helical structure.
Higher order structures of starch are highly complex and
have not been well understood despite substantive char-
acterization studies [30]. Model structures of starch on
various size scales are shown in Fig. 3. Parallel double
helices of amylose in amylopectin form crystalline lamel-
lae that assemble into super-helices. A single amylopectin
molecule can form a super-helix. Starch blocklets were
recently described with sizes ranging from 25 to 500 nm
[28]. Larger blocklets can contain one or more super-helix.
Typical starch granules have semi-crystalline onion-like
structure with alternate amorphous and crystalline growth
rings. Retrogradation is starch that is heated in water and
then cooled, allowing the starch chains to re-assemble and
form a more ordered structure. Thus, retrograded starch is
more resistant to hydrolysis than untreated starch.

@ Springer
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Fig. 3 Primary structure of amylopectin, and higher order structures
of starch on different size-scales. Amylose double helices form
lamellae and superhelices. Blocklets contain one or more superhe-
lices. Lamellae form crystalline growth rings that alternate with

Starch-active PMOs have been shown to degrade
various starch substrates, including corn starch, retro-
graded starch, amylopectin, and amylose; these PMOs
are not active on cellulose or chitin. Starch-active PMOs
are the first example of a PMO to oxidatively cleave
a(l — 4)-glycosidic linkages [10, 11]. Although only
oxidation at the C1 position has been observed to date,
oxidation of the C4 position of the a(1 — 4) linkage, as
well as oxidation of both the C1 and C6 positions of the
a(l — 6)-glycosidic linkage may be catalyzed by other
AA13 enzymes. The active site groove on the surface of
Ao(AA13) could accommodate an amylose double helix
(Fig. 3f), suggesting that amylose would be a preferred
substrate. This speculation is consistent with limited
activity assay data reported thus far (see “Biochemical
characterization of starch-active PMOs”). However,
because of the highly complex structure of naturally
found starch, e.g. in grains, fruits, and roots, it is possible
that AA13 family members have a broader substrate
specificity than currently recognized. The effect of
crystallinity, solubility, and degree of polymerization of
starch molecules on activity of AA13 enzymes needs to
be addressed. Substrate specificity is an important aspect
of AA13 enzymes that will require extensive studies in
the future to completely resolve.

@ Springer
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amorphous layers in starch granules. SEM image of starch and
granule was reproduced from Ref. [31] with permission; Lamellae,
super helix, blocklets, and granule were re-drawn based on Fig. 21 of
Ref. [29] with permission

Bioinformatic analysis of starch-active PMOs

The sequence similarity is relatively low within each pre-
viously characterized PMO family and is inconsequential
between different PMO families. Nevertheless, all PMOs
characterized thus far are structurally related. The overall
structure with the core B-barrels is conserved in all fami-
lies. The active site histidine residues that ligate the copper
center in the histidine brace motif (Fig. 2) is conserved in
all PMOs. In addition, the motif N/Q/E-X-Y/F is conserved
in all fungal PMOs and a subgroup of bacterial PMOs [12].
This motif and the active site histidine residues form an
amino acid signature (AAS) of PMOs. This AAS was used
successfully in the discovery of starch-active PMOs [10].
In the predicted secretome of N. crassa, five distinct
putative PMO families were identified. These families are
conserved in many other fungi. Two of the five families
identified are cellulose- and chitin-active PMOs (AA9 and
AA1l, respectively). Among the three uncharacterized
putative PMO families in N. crassa, one family contained a
C-terminal starch-binding domain, CBM20, initially sug-
gesting it may be active on starch. Rigorous
characterization confirmed this PMO was indeed a member
of a previously unknown starch-active PMO family
(AA13). The discovery of starch-active PMOs provides
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new perspectives in PMO studies and starch metabolism. It
also provided evidence that the PMO AAS (noted with
stars in Fig. 4b) can be used to identify novel PMOs.

An independent approach was used to identify starch-
active PMOs using the module walking method [11]. This
method was used successfully in the discovery of fungal
chitin-active PMOs (AAIll family) [9]. The CBM20
domain, found in o-amylases, glucoamylases, and other
starch-active enzymes, was found appended to a N-terminal
domain of unknown function termed X143. This domain had
an N-terminal histidine residue following a signal peptide
cleavage. The X143 domain was subsequently shown to be
starch-active PMO domain. A X143-CBM20 bimodular
protein in A. nidulans, An(AA13), was shown to be active on
retrograded starch, forming malto-aldonic acids, as found for
the N. crassa starch-active PMO reported earlier. Module
walking is a useful method to identify proteins with new
functions, but would not find PMOs lacking a known
C-terminal domain. Combining PMO AAS with module
walking may be a more comprehensive approach to identi-
fying new PMOs with novel functions.

The AA13 family currently has more than 80 members
found in Ascomycota fungi [11]. Unlike the AA9, AA10,
and AA11 families, multiple sequence alignments of AA13
enzymes require no significant gaps, as there is signifi-
cantly high sequence homology among the AAI13 family
(Fig. 4b) [10, 11]. On the phylogenetic level, the AA13

A == StarchactivePMO == CBM20

Signal Catalytic Starch binding
~20 aa 204-233 aa ~100 aa

B
HGYLT'P SRTRLGEEAG:DICPECS | LEPVFAW

PVxTYIéGg¥YEVQWCVD“NGDHGGMF YR|CQR

Fig. 4 a Common domain architecture of 85 starch-active PMOs
from different fungal species. Nineteen do not have the CBM20
domain [11]. b Consensus sequence logo representing the putative
catalytic domain. Asterisks indicate the absolutely conserved residues
also found in cellulose-active PMOs and chitin-active PMOs. This
figure is reproduced from Ref. [10] with permission

family is well separated from AA9, AA10, and AA11, with
AAT10 being the closest related family [11]. It was noted in
a previous review that distant relatives of AA10 proteins
were fused with C-terminal CBM20 domain [6], which are
now known as AAI13 PMOs. The majority of AAI13
enzymes contain both a starch-active PMO domain and a
CBM20 domain; the rest contain only a starch-active PMO
domain. No other types of C-terminal domains are cur-
rently known for AAI13 enzymes. This CBM20 has
50-70 % sequence identity to many CBM20 domains
found in amylolytic enzymes that bind starch. Phylogenetic
analysis of AA13 family in the presence and absence of
CBM20 indicated that CBM20 was present in the ancestors
of AA13 enzymes and occasionally lost during evolution
[11]. Lo Leggio et al. reported that Ao(AA13), which
contain only the PMO domain, did not show any
detectable activity on starch substrates. The authors spec-
ulate that either (1) the CBM20 domain is critical for
activity, or (2) a redox partner enzyme is required to
complete the binding of Ao(AA13) to its substrate. How-
ever, a starch active PMO lacking a CBM20 from M.
thermophila was shown to boost the activity of amylolytic
enzymes on a starch substrate [32]. With experimental data
on only a limited number of AA13 PMOs, the significance
and functional relevance of the CBM20 domain remains to
be determined.

Biochemical characterization of starch-active
PMOs

Starch-active PMOs have been recombinantly expressed in
N. crassa [10] and A. oryzae [11] and assayed on various
substrates. The starch-active PMOs from N. crassa
(NCUO08746) and A. nidulans (An(AA13)) are active on
starch, but not on cellulose or chitin; Ao(AA13) did not
show detectable activity on retrograded starch or malto-
octaose. Activity of NCUO8746 on cornstarch, amy-
lopectin, and amylose was easily detectable with both high
performance anion exchange chromatography (HPAEC)
(Fig. 5b) and mass spectrometry [10]. Aldonic acids are the
only products detected for NCU08746 and An(AA13),
indicating that these PMOs oxidize starch at the C1 posi-
tion (Fig. 5a, b). When assayed on amylose substrates
containing only a(1 — 4) linkages, the starch-active PMO
from N. crassa also formed aldonic acids, indicating that
oxidation occurred at this linkage. Further studies are
required to determine whether C1 oxidation also occurs at
a(l — 6) linkages. The possible mechanism of aldonic
acid formation is depicted in Fig. 5a based on the chem-
istry of cellulose- and chitin-active PMOs. Thus far,
oxidation at the C4 position or C6 position has not been
observed.

@ Springer
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Fig. 5 a Proposed starch degradation steps by NCU08746 involving
the cleavage of a(1 — 4) and a(l — 6) linkages via hydroxylation at
the C1 position. Further studies are required to determine whether
starch-active PMO also oxidize a(1 — 6) linkage. b Activity assays
of N. crassa starch-active PMOs, NCU08746, with ascorbic acid and
atmospheric oxygen. Traces A and B maltoaldonic acids with four

Lo Leggio et al. showed that An(AA13) significantly boos-
ted the activity of a B-amylase from barley on retrograded starch
(Fig. 5¢)[11]. Retrograded starch has more crystalline structure
and, therefore, is more resistant to hydrolysis compared to
untreated starch (see “Specificity for primary and higher order
structures of the substrate”). B-Amylase hydrolyzes starch
molecules processively from the non-reducing ends, releasing
maltose [33]. B-Amylase exhibited minimal activity on retro-
graded starch, which was boosted by ~ 100-fold in the presence
of An(AA13). Analogous to the synergistic working model of
cellulose degradation (Fig. 1c), it is likely that PMO reaction
leads to new chain ends in the substrates that can be processed
by B-amylase.
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(A4) to twenty (A20) units. Traces C-E assays with amylopectin,
phosphoric acid swollen cellulose, and chitin, respectively. ¢ Boosting
effect of AA13. Release of maltose from retrograded starch by f-
amylase over 4 h at 25 °C (columns 2—4) with An(AA13) (column 3),
with reducing agent and An(AAl13) (column 4). a and b were
reproduced from Ref. [10] and ¢ from Ref. [11] with permission

In the initial studies, N. crassa starch-active PMO
exhibited the same activity with either ascorbic acid or
cellobiose dehydrogenase (CDH)/cellobiose system as the
electron source [10]. Other small molecule chemical
reductants such as cysteine were also found to provide
reducing equivalents for the starch-active PMOs [11].
Reduced CDH is relatively stable in the presence of
atmospheric oxygen, but was shown to be rapidly oxidized
by N. crassa starch-active PMO [10]. Putative electron
transfer pathways, connecting the copper active site to the
predicted CDH binding site, have been identified in cel-
lulose active PMOs. Similar ET pathways are also found in

the structure of starch-active PMOs [11], providing a
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molecular basis for intramolecular electron transfer
between CDH and these PMOs.

Seventy-five out of the eighty ascomycetes that have
starch-active PMO genes also have one or more CDH
genes. Because fungi encounter diverse food sources con-
taining mixtures of various polysaccharides, it is not
unreasonable to speculate that co-expression of CDH and
starch-active PMOs takes place. Transcriptomic and pro-
teomic analysis of ascomycetes containing both CDH and
starch-active PMO genes on different growth substrates
would provide insight into the biological relationship of
these enzymes. Alternatively, other enzymes such as
oligosaccharide dehydrogenase [34] or maltose dehydro-
genase [35] could possibly serve as the biological redox
partners of starch-active PMOs, but these relationships
remain to be elucidated.

Possible biological functions

To date, starch-active PMOs have been found in about 80
fungi belonging to five classes of the Ascomycota phylum,
including Eurotiomycetes, Dothideomycetes, Sordari-
omycetes, Leotiomycetes, Orbilliomycetes. The majority
of these ascomycetes are plant pathogens, known to attack
different cellulose-rich parts of plants including the leaf
and stem. They also infect starch-containing components
such as grains, seeds, fruits, and roots. Crops such as rice,
wheat, barley, potato, apple, banana, grape, berries, etc. are
among the most important hosts of these fungi. In a
worldwide survey of plant fungal pathogens [36], five out
of ten most important fungi contain starch-active PMOs.
These five fungi are Magnaporthe oryzae (ranked first),
Botrytis cinerea (second), Fusarium graminearum (fourth),
Fusarium oxysporum (fifth), and Colletotrichum spp.
(eighth). Ascomycetes containing starch-active PMOs also
have genes coding for a-amylase and glucoamylase, as
well as cellulose-active PMOs and cellulases. It has been
shown that expression of extracellular cellulose-active
enzymes are induced when fungi grow on cellulosic sub-
strates [23, 24] or infect cellulose-rich part of plants [37]. It
is not unreasonable to speculate that when these fungi
encounter starch substrates, they also secrete starch-active
PMOs along with a-amylases and glucoamylases to
degrade starch for growth or for invasion of the host.
Glucoamylase hydrolyzes starch molecules at o(1 — 4)
linkage from non-reducing end of amylopectin and amy-
lose molecules to form glucose and will also hydrolyze a
a(l — 6) linkage when followed by a a(l — 4) linkage
[38]. Fungal o-amylases randomly hydrolyze ol — 4)
bonds of starch, resulting in maltose and maltotriose. It is
generally known that amylases are more active on amor-
phous starch, while amylose is considered a resistant starch

[39]. The structure of Ao(AA13) suggests that amylose
would be a preferred substrate of starch-active PMOs
(Fig. 2d). Consistent with this finding, NCU08746 is active
on amylose [10], and An(AA13) significantly boosted
activity of a B-amylase [11], a processive enzyme that
hydrolyzes a(1 — 4) linkage from the non-reducing end of
amylose, on retrograded starch. These observations suggest
that starch-active PMOs could break down amylose, reduce
substrate crystallinity, and thus make the substrate more
amenable to hydrolysis by amylases.

Interestingly, the 80 ascomycetes containing starch-ac-
tive PMOs do not have B-amylase. However, B-amylases
are found in fruit and during germination in grain. Thus,
when fungi invade fruit or grain, starch-active PMOs could
potentially work synergistically with the plant B-amylase.
Likewise, synergy of starch active-PMOs with other amy-
lolytic enzymes of the plant host could also occur in
Nature.

Concluding remarks and outlook

Starch-active PMOs were only recently discovered in
ascomycetes, many of which are plant pathogens. Starch-
active PMOs share many common features with cellulose
and chitin active PMOs, including the B-sandwich core, the
histidine brace mononuclear copper active site on a protein
surface, the putative electron transfer pathway, the mech-
anism of glycosidic bond cleavage via C-H bond
hydroxylation, and synergy with corresponding glycoside
hydrolases. Starch-active PMOs can accept electrons from
CDH, the generally accepted biological redox-partner of
cellulose-active PMOs, yet differ from other PMO families
in many aspects. The coordination of the active site tyr-
osine residue to the copper center of starch-active PMOs is
not found in the other PMO families, which could lead to a
different mechanism of oxygen activation and substrate
oxidation. Starch-active PMOs possess an uneven active-
site surface with a shallow groove, as opposed to the flatter
surface observed in cellulose- and chitin-active PMOs.
This groove may determine the specificity for starch
molecules. In Nature, starch-active PMOs likely work
together with amylases secreted by the fungi or by the plant
host in degrading starch substrates for growth or host
invasion.

Many fundamental questions regarding these PMOs
remain to be resolved. The detailed interaction of starch-
active PMOs with various substrates can be addressed with
both computational studies, such as docking or molecular
dynamic calculation, as well as experimental investigation.
Transcriptomic and proteomic analysis of fungi grown on
various starch substrates will help determine the biological
role of starch-active PMOs. Substrate specificity and
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regioselectivity of oxidation can be resolved in assays on
various substrates with well-characterized structure, as well
as with suitable isotopically labeled substrates. Precise
structure and electronic properties of the copper active site
in the reduced and oxidized state can be obtained with
combinations of advanced spectroscopic studies, such as
XAS, pulsed EPR, resonance Raman, and magnetic circu-
lar dichroism spectroscopies.

The synergy of starch-active PMOs with amylases will
be studied extensively due to its tremendous potentials in
the starch-based biofuels industry. Currently in the United
States, there are about 15 billion gallons of starch-based
biofuels produced annually (http://www.afdc.energy.gov/
laws/RFS; accessed on October 28, 2015). Starch hydrol-
ysis with amylases to fermentable sugars is a critical and
expensive step. The ability to boost the activity of amylases
under industrially relevant conditions using starch-active
PMOs would increase the efficiency of these enzymes,
resulting in a significant cost reduction in biofuel produc-
tion. In addition to biofuels, starch-active PMOs could also
be used together with amylases in other important indus-
tries, such as corn syrup, detergents, paper, textiles, and
adhesive. Global starch derivatives market was $51.2 bil-
lion in 2012, and is expected to grow to $77.4 billion in
2018 (http://www.prweb.com/pdfdownload/10923341.pdf;
accessed on October 28, 2015). This will also be a strong
driving force for the continued investigation of starch-ac-
tive PMOs.
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